Abstract: Many studies have been conducted on the performance of a passive autocatalytic recombiner (PAR), but not many have focused on the locations where the PAR is installed. During a severe accident in a nuclear reactor containment, a large amount of hydrogen gas can be produced and released into the containment, leading to hydrogen deflagration or a detonation.
Introduction
The potential danger of hydrogen was first identified after During a loss of coolant accident (LOCA), hydrogen gas may accumulate within the containment of a nuclear power plant. The hydrogen can be generated from (i) a metal-water reaction involving the zirconium fuel cladding and the reactor coolant, (ii) the radiolytic decomposition of water, which also produces oxygen, and (iii) the corrosion of the construction materials [2] . Hydrogen is then induced into the reactor coolant system, and gradually, the entire containment. Assuming the internal conditions of the containment, such as the quality of the steam and air present, a flammable gas mixture may combust, generating a chemical and thermal load with a potential threat to the integrity of the containment [3]- [5] .
A catalytic reaction is widely used owing to its lower threshold temperature required for a spontaneous reaction compared to that of a non-catalyzed reaction. Passive autocatalytic recombiners (PARs) are currently implemented in many modern pressurized water reactors (PWRs) as an engineered safety feature for mitigating risk in the event of a core melt-down accompanied by significant releases of hydrogen gas into the reactor containment [6] [7] . The catalyst materials are made of platinum and/or palladium, and recombine the hydrogen and oxygen gases into a water vapor upon contact with the surface of the catalyst. Hence, the heat produced during the recombination process creates a strong buoyancy effect, which increases the influx of surrounding gases into the inlet of the PAR [8].
Catalysts are generally developed in the shape of a plate or pellet. For example, PAR manufacturers such as AREVA and AECL utilize a plate-type catalyst, whereas NUKEM developed a specialized cartridge containing pellet-type catalysts. . The KNT PAR is a stainless housing equipped with catalysts inside the lower part of the box. The design of the nuclear containment may cause some of the hydrogen to become trapped in the containment and unable to be reduced using mitigation equipment. Therefore, the location where the PAR is installed will indirectly affect its performance. Hence, a residual amount of hydrogen in a nuclear power plant will accumulate and become a potential risk for a future hydrogen explosion. To investigate and compare the differences in hydrogen reduction, this study proposes the PARs be installed at different locations within the nuclear containment. 
Mathematical modeling

Results
The Table 1 shows the results of the KNT PAR simulation.
The movement of the gases within the containment was in a swirling direction, and most of the hot steam was accumulated at the top of the containment. The recombination process was continuously applied throughout the experiment, but a small amount of hydrogen accumulated at the bottom part of the containment. The hydrogen in the containment was successfully reduced from 4%, which is the lower flammability limit, and the rest was assumed to be oxygen. The experimental result was found have a slightly higher recombination rate compared to the KNT PAR, but still reached the same result at the end of the simulation as shown in 
PAR Installed Locations
Conditions and mesh
The nuclear containment adopted in this study was merely a square cube, 5 m in length, 5 m in width, and 5 m in height.
The KNT PAR was then placed at the center of the containment, 2 m from the bottom, as the default location (Figure 4 ).
There were only two types of gas in the containment. The hydrogen volume fraction was set to the lower flammability limit of 4%, and the rest was assumed to be oxygen. Table 3 and 4 above show the hydrogen reduction changes in the nuclear containment from 0 s up to 1,000 s.
Results and discussion
The PARs were installed at two different locations and at different heights from the hydrogen gas induction source.
The diagrams above show the hydrogen reduction up to 1,000 s. The red color represents the original concentration of hydrogen gas, which is the lower flammability limit of 4%, and the blue color represents the hydrogen gas concentration after reduction, which is 0.5%. As the observation of the hydrogen concentration changes in the PAR, the concentration of hydrogen gas underwent a reduction and was removed. However, some residual hydrogen gas remained in the containment, which is represented by the red color. We could see that the container in which the PAR was installed 2.0 m from the inlet had the greatest amount of residual hydrogen gas. The container in which the PAR was installed at the bottommost case also had the least amount of residual hydrogen gas. As shown in Figure 7 and 8, the average amount of hydrogen gas in the nuclear containment was reduced to 75% of the original concentration. However, in the cut plane of the nuclear containment, a large amount of hydrogen gas remained at the bottom. The accumulation of hydrogen gas at the bottom of the containment was to a certain degree caused by the assumption of adiabatic walls. In a real scenario, the heat transfer to the compartment walls and the condensation would result in an enhanced mixing of the atmosphere.
Nevertheless, the residual amount of hydrogen gas in the containment can never be ignored. The high concentration of hydrogen gas was above of the lower flammability limit of 4%. If this residual amount of hydrogen gas were to remain and not be removed from the containment, it would become a risk factor for a future hydrogen explosion. For a real accident taking place in a nuclear power plant, the consequences could be significant. Owing to the complicated and irregular shape of the internal structures, more residual hydrogen may remain in the containment and may not be removable.
However, the differences in the results between the PAR installed at the center and at the side of the containment at the same height were not significant.
Conclusions
The hydrogen recombination rate was concluded to be proportional to the distance to the hydrogen induction location. A PAR installed at a bottom location (nearer the hydrogen induction source) has a better hydrogen recombination rate compared to a PAR installed at a higher location, whereas a PAR installed at the center of the containment does not show a significant difference in the hydrogen recombination rate compared to a PAR installed at the side of the containment.
